A fraction of the covalently closed mitochondrial DNA in mouse L cells contains a replicated heavy-strand segment that is hydrogen bonded to the circular light strand. The inserted single strand is dissociable from the circular duplex at an elevated temperature.
M1itochondrial DNA from animal cells occurs in the form of closed-circular molecules with a molecular weight of about 10 X 100 (1) . In the course of a study of the mechanism of replication of this DNA in two strains of mouse L cells, we have found that about one half of the covalently closed molecules in exponentially growing cells contain a short threestranded DNA region, which we have called a D-loop, or displacement loop (Fig. 1) . The D-loop appears to have been formed in the closed DNA by displacement synthesis of a short progeny strand with a specific region of the mitochondrial light strand serving as a template. This communication presents the results of experiments designed to elucidate the -structure and properties of this new kind of closedcircular DNA and considers its role as an intermediate in the replication process.
MATERIALS AND METHODS
The two cell lines studied were the LD line (our designation) obtained from C. Schildkraut, Albert Einstein College of Medicine, New York, and the LA9 line isolated by Littlefield (2) and obtained from L. Crawford, Imperial Cancer Research Fund, London. Mitochondrial DNA (mtDNA) in the LD cells occurs in the form of circular dimers with a contour length of 10 Am. The LA9 cells contain monomeric mtDNA.
The spinner-adapted cells were grown in Dulbecco's modification of Eagle's phosphate medium, containing 10% calf serum. The generation times of the LA9 and LD cells were 22 and 20 hr, respectively. Exponentially growing cells, about dine (Schwarz/Mann), 15.6 Ci/mmol, for 3 hr before harvest.
Isolation of crude mitochondria
Labeled cells were harvested at 0-40C by centrifugation at 1500 X g, washed with 0.14 M NaCl-5 mM KCl-7 mM Na2HPO4-25 mM Tris (pH 7.5), and resuspended in a 10-fold volume of TE (10 mM Tris-1 mM EDTA)-10 mM NaCl (pH 7.5). After 10 min, the cells were disrupted with 7-10 strokes in a Dounce homogenizer. After addition of 1.5 M sucrose to 0.25 M, about 20 ml of the homogenate was layered onto 15 ml of 1.5 M sucrose containing TE (pH 7.5), and centrifuged for 30 min at 25,000 rpm, 4°C, in a Spinco SW 27 rotor. The crude mitochondrial fraction, withdrawn from the interface, was diluted 6-fold with 10 mM Tris-2 mM MgCl2 (pH 7.5), centrifuged for 15 min at 20,000 X g, and resuspended in 0.25 M sucrose-5 mM MgCl2-5 mM NaCl-10 mM Tris (pH 7.2). The mitochondrial suspension was incubated with 25 ,xg/ml of DNase I and 250 mg/ml of RNase A (both from Sigma Chemical Co.) for 45 min at 37°C. The suspension was chilled to 0°C, EDTA was added to a concentration of 25 mM, and the mitochondria were washed twice by centrifugation with MS buffer (3).
Isolation and purification of mtDNA MtDNA was extracted from the washed mitochondria, banded in ethidium bromide (EthBr)-CsCl, and purified by velocity sedimentation [ref. 4 , Methods a(i)-(iii) 1, except that the incubation with sodium dodecyl sulfate was performed at 37°C. The band velocity sedimentation was performed by layering the sample, after dialysis against 10 X TE-0.1 M NaCl (pH 8.5), onto 4 ml of CsCl (3.5 ml, 1.4 g/ml; 0.5 ml, rotor. 10-drop fractions were collected from the bottom of the tube and aliquots of the fractions were counted in a scintillation spectrometer ( Fig. 2A) . The DNA samples were dialyzed in the dark against 2 ml of Dowex 50 resin suspended in 25 ml of 10 X TE-0.1 M NaCl (pH 8.5).
Abbreviations: TE, 10 The measured fork-to-fork distances were normalized by the mean length of the circular duplex DNA on the same specimen grid and, in the case of single-stranded DNA, by the contour length of OX DNA. The values of 1.7 and 9.6 X 106 were taken as the molecular weights of OX DNA and mtDNA, respectively.
The number of molecules measured is given in parenthesis. The samples were heated at 750C for 8.5 hr. We calculated (7) that more than 90% of the 7S DNA should have annealed with a mitochondrial complement under these conditions. The hybridized samples were centrifuged in 3.0 ml of CsCl, with a density of 1.710 g/ml, for 72 hr at 30,000 rpm, 20°C, in an SW 50 rotor.
RESULTS
Displacement loops are readily seen in the electron microscope on specimen grids prepared by the formamide-basic film method (Fig. 3) . That the D-loop region contains both a duplex segment and a looped-out single-strand DNA segment may be concluded from an inspection of the four examples shown. The single-strand region is thinner and has a less regular contour than the duplex region. It is similar in appearance to the viral qX DNA added as a marker. The single-strand region must be DNA rather than RNA, because RNA under these spreading conditions is not fully denatured and collapses with an about 5-fold shortening of the length (8) . The lengths of the single-strand and the duplex parts of the D-loop are about equal (Table 1) . Moreover, the frequency of D-loops in the purified DNA is unaffected by incubation of the DNA with RNase A ( Table 2) .
The duplex region, indistinguishable in appearance from the whole circular duplex, is considered to be a DNA-DNA duplex rather than a DNA-RNA hybrid. Chemical experiments presented below show that heating the sample to 90°C in 0.03 M NaCl causes the release of a 7S, alkaline-resistant single-stranded DNA (Fig. 4F) with the simultaneous loss of displacement loops. The relative frequency of molecules containing D-loops (D-mtDNA) in the closed DNA isolated from lower bands in EthBr-CsCl buoyant gradients was 34 and 51%o in two separate preparations of mtDNA from LA9 cells ( Table 2) . Early in this study, we observed that exposure of the closed DNA to low ionic strengths (e.g., 20 mM NaCl) results in a loss of D-loops, presumably by the process of branch migration (9) . In this case, progressive pairing of homologous nucleotides in the circular strands displaces the short singlestrand. Incomplete branch migration would result in the formation of a circular molecule with a single-stranded tail. If the latter form is taken to be indicative of D-mtDNA, the frequency of D-mtDNA rises to 49 and 56% in the two preparations. Fluorescence photographs of the EthBr-CsCl gradients and the distribution of radioactivity ( Fig. 2A) indicated that about half of the mtDNA was in the lower band; we may, therefore, conclude that about 25% of the total mtDNA in our preparations contains displacement loops. This surprisingly large frequency in nonsynchronized cells implies that D-mtDNA accumulates and may constitute a "hold point" in the replication process.
The possibility arose that D-mtDNA was formed during the incubation of mitochondcria at 370C with DNase I-the only step in the preparative procedure before lysis in which the temperature rose above 4 To determine whether strand specificity is involved in the formation of the D-loop, the purified 7S displacing strands were self-annealed and were annealed with an excess of the separated heavy and light complements of mtDNA obtained from an alkaline buoyant density gradient (12) . The weightaverage molecular weights of the separated complements, prepared and heated as in these experiments, have been reported to be about I X 106 (6 4 . Sedimentation patterns of LA9 mtDNA from the lower band of an EthBr-CsCl buoyant density gradient (Fig. 2) . The . (E and F), the fast and slow samples dialyzed against TE-10 mM NaCl (pH 7.5) were heated at 90'C for 40 sec and quenched in ice before centrifugation. S, slow sedimenting; F, fast sedimenting. molecular weight. The band width of the 7S DNA did not change when the annealing was performed with the heavy strands having a variance of 8 (f.U.)2 (Fig. 5B) . The variance, however, narrowed to 6 (f.U.)2 (Fig. 5A) when the annealing was performed with the light strands, which, in turn, had a variance of 6 (f.u.)2. The above results alone show that 7S DNA is largely, if not completely complementary to the light strand. The absence of a detectable shoulder of [3H]-thymidine counts that would have been formed by nonhybridized 7S DNA in the experiment in Fig. 5A indicates that at least 85% of the 7S DNA anneals with the light strand. The 7S DNA is, therefore, considered to be a segment of the heavv strand.
The center of the hybrid band formed in the 7S X L lightannealing experiment is 1-fraction lighter than the center of the band formed principally by the light fragments free of the sequence complementary to the 7S DNA. The 2 mg/ml buoyant shift is the shift expected upon the formation of a duplex between a light-strand fragment with a molecular weight of 1 X 106, and 7S DNA with a molecular weight of 1.5 X 105.
Superhelix densities of closed mtDNA from LA9 cells
The superhelix densities (superhelical turns/10 base pairs) of the closed mtDNAs separated in the sucrose gradients (Fig.  4) were determined by the buoyant separation method in EthBr-CsCl gradients (Table 4 ). The superhelix density of the C-mtDNA in the fast sample did not change significantly upon heating. The D-mtDNA, on the other hand, changes in superhelix density upon heating and becomes indistinguishable from C-mtDNA.
The apparent superhelix density calculated from the relative buoyant separation obtained with the slow sample (Fig. 4B) was -1.2 X 10-2. The sample contained D-mtDNA, as well as about 10% E-mtDNA. The position of D-mtDNA in EthBr-CsCl gradients is not expected to be given by the previously derived relation between the buoyant separation and the superhelix density. The duplex region in the D-loop is free to rotate at the forks (Fig. 1) and to bind EthBr without restriction. The displaced strand should bind EthBr with the binding constant of nicked DNA (10) . In addition, the single strand might wind about the duplex and permit an increased binding of EthBr at high concentration. These effects-decrease the buoyant density and result in an overestimate of the absolute value of the superhelix density.
A second closed mtDNA free of D-loops (E-mtDNA) was also present initially in small amounts in all of the unfractionated closed mtDNA preparations examined in this work. This mtDNA, isolated as the slow-sedimenting component after heating the S sample (Fig. 4B) The superhelix densities were determined by the buoyant separation method (10, 11) in an EthBr-CsCl density gradient. A mixture of closed and nicked SV40 [32P] DNA was added as a marker. The centrifugation conditions were those described by Eason and Vinograd (11) . The estimated measuring error is i= 0.3 X 10-2 units. The number in brackets is to be regarded as an apparent value only. Sample C was a pool of fractions 17-20 (Fig. 4E ). Sample C' was a pool of fractions 16-20 (Fig. 4F) . Sample E was a pool of fractions [24] [25] [26] [27] [28] [29] [30] (Fig. 4F ). of the shorter and the longer lengths between the forks, expressed as fractions of the total of these lengths, were 0.48 + 0.03 and 0.51 i 0.02 in the 25 molecules measured. We conclude that the dimer D-loops are diametrically opposed and that there is, indeed, a unique site on the genome for the formation of the displacement loop.
DISCUSSION
The experiments presented in this communication demonstrate that a substantial fraction of the covalently closed mtDNA isolated from exponentially growing mouse L cells contains a small, unique segment of the heavy strand inserted into the closed duplex. Upon brief heating of the isolated displacement DNA, the (noncovalently) attached heavy-strand segment dissociates and leaves a closed DNA with a sedimentation coefficient and superhelix density indistinguishable from that of the major D-loop-free DNA originally present in the preparation. The Alternative mechanisms for the displacement synthesis, consistent with the results presented here, can be formulated with different, but more complex, coupled assumptions re-
